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Entanglement between stationary quantum memories and photonic channels is the essential re-
source for future quantum networks. Together with entanglement distillation it will enable for
efficient distribution of quantum states. Here we report on the generation and observation of en-
tanglement between a Rb-87 atom and a photon at telecom wavelength over 20 km optical fiber.
For this purpose, we use polarization-preserving quantum frequency conversion to transform the
wavelength of a photon entangled with the atomic spin state from 780 nm to the telecom S-band
at 1522 nm. We achieve an unprecedented external device conversion efficiency of 57% and observe
an entanglement fidelity between the atom and telecom photon of >78.5±0.9% over 20 km optical
fiber, mainly limited by decoherence of the atomic state. This result is an important milestone on
the road to distribute quantum information on a large scale.
Introduction.—Quantum repeaters will allow for scal-
able quantum networks [1, 2], which are essential for large
scale quantum communication and distributed quantum
computing. In such networks, photon mediated entangle-
ment is distributed among quantum memories at station-
ary nodes. Various candidates exist to serve as quantum
memory, which also provide the light-matter interface in
these nodes, for example trapped neutral atoms [3, 4],
atomic ensembles [5–7], trapped ions [8, 9], NV centers
[10, 11], quantum dots [12, 13], or rare earth ions in solids
[14, 15].
For single atoms, several critical capabilities required
to serve as a network node have recently been demon-
strated. This concerns in particular, atom-atom quan-
tum logic gates [16–18], long qubit storage times [19],
high-fidelity heralded entanglement over hundreds of me-
ters [20, 21], and scalability of the number of individually
addressable trapped atoms [22–24]. These achievements
make single trapped atoms a promising candidate to de-
velop a first quantum repeater link.
A capability not demonstrated for single atoms so far,
however, is the distribution of entanglement at telecom
wavelengths, which is indispensible for long, fiber-based
quantum network links. By employing quantum fre-
quency conversion (QFC) to telecom wavelength [25–28],
the attenuation in fibers can be minimized while enabling
the use of existing telecommunication infrastructure to
economically realize network links. Recently, such con-
cepts have been used to demonstrate entanglement be-
tween a telecom photon and an atomic ensemble [29–31],
a trapped ion [32, 33], or an NV center [34].
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Here we report on generation and detection of entan-
glement between a Rb-87 atom and a photon at tele-
com wavelength over long fiber links. The scheme starts
with entangling the atomic spin state with the polariza-
tion state of a spontaneously emitted photon [3]. Sub-
sequently, the wavelength of the photon is converted
to the telecom S-band while preserving its polarization
state and transferred over several km of optical fiber [32].
The entanglement is analyzed by measuring atom-photon
state correlations in two bases. Based on our results, we
analyze the applicability of this scheme for long distance
quantum links.
Methods.—The experimental setup consists of a single
atom trap with high-NA optics to collect the atomic flu-
orescence, a polarization-preserving quantum frequency
converter in Sagnac configuration, and a polarization an-
alyzer which is connected via single mode fiber of differ-
ent lengths. For details see Fig. 1.
The experimental sequence starts by storing a single
Rb-87 atom in an optical dipole trap [3, 20] and preparing
it in the initial state 52S1/2 |F = 1,mF = 0〉 via optical
pumping. Next, a short laser pulse (22 ns FWHM) ex-
cites the atom to the state 52P3/2 |F ′ = 0,mF ′ = 0〉 (Fig.
1). In the subsequent spontaneous decay, the atomic spin
state becomes entangled with the polarization state of the
photon emitted along the quantization (z-) axis. This re-
sults in the following maximally entangled atom-photon
state
|Ψ〉Atom-Photon = 1√
2
(| ↓〉z|L〉+ | ↑〉z|R〉)
=
1√
2
(| ↓〉x|V 〉+ | ↑〉x|H〉),
(1)
where |L〉 and |R〉 denote left- and right-circular photonic
polarization states, |H〉 and |V 〉 denote the horizontal
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FIG. 1. Experimental setup and entanglement generation scheme. A single Rb-87 atom (upper left side), serving
as quantum memory, is stored in the focus of a dipole trap (850 nm wavelength, 2.05 µm waist, and 42 mW power), where
a high-NA objective collects the atomic fluorescence. The atom-photon entanglement is generated in the spontaneous decay
following the excitation to the state 52P3/2 |F ′ = 0,mF ′ = 0〉. The MEMS switch guides the emitted photons towards the
frequency converter where the 780 nm single photons are overlapped with 1600 nm pump light within a PPLN waveguide in a
Sagnac-type interferometer to transfer the entanglement to 1522 nm photons. In the polarization analyzer the single photons
are first spectrally filtered by a Fabry-Perot filter cavity (FC), volume Bragg grating, bandpass filter (BPF), and shortpass
filter (SPF). Next, after setting the analysis basis with a half-wave plate (HWP) and a quater-wave plate (QWP) and splitting
the polarization components by a Wollaston prism, the single photons are detected with two SNSPDs. Classical reference
light, inserted along the readout path, can be coupled out with a flip mirror to analyze and compensate for polarization drifts.
Further abbreviations used: mirror (M) and dichroic mirror (DM).
and vertical linear photonic polarization states, and | ↓〉
and | ↑〉 denote the atomic qubit state which, e.g. for
the quantization axis z, corresponds to the states |F =
1,mF = −1〉 or |F = 1,mF = +1〉, respectively.
A microelectromechanical systems (MEMS) switch is
used to either guide the atomic fluorescence to a silicon
avalanche photodiode (APD) during loading the trap or
to the frequency converter during the state preparation
and excitation cycles. These cycles are repeated until
a single telecom photon is detected at the polarization
analyzer, whereby the atom is cooled for 350 µs after each
40 excitations in order to minimize the thermal motion
in the trap. The excitation rate is mainly limited by
the travel time of the photon through the optical fiber,
resulting in an average excitation rate of 7.3 kHz for the
20 km fiber.
To obtain the necessary performance for the presented
experiment, the coherence time of the atomic state is pro-
longed to hundreds of µs by suppressing small (∼mG)
magnetic field fluctuations with a 42 mG constant mag-
netic field along the y-axis. Currently, the dominant de-
coherence effect is position-dependent dephasing caused
by longitudinal field components of the strongly focused
dipole trap [35, 36]. On the efficiency side, by implement-
ing a custom designed high-NA objective, an overall effi-
ciency of about 7.5×10−3 is achieved without conversion
when detecting with the APD (∼55% efficiency) after an
excitation attempt.
The polarization-preserving QFC to the telecom S-
band at 1522 nm is realized by difference-frequency gen-
eration (DFG) in a periodically poled lithium niobate
(PPLN) waveguide. To this end, the single photons at
780 nm are mixed with a strong cw pump field at 1600
nm within a waveguide in a Sagnac-type setup [30]. The
input polarization is split into two arms with a polarizing
beam-splitter (PBS), whereby a half-wave plate (HWP)
is introduced in one of the arms such that the two coun-
terpropagating beams have the same polarization when
entering the waveguide. The conversion efficiency of both
arms is set equal by fine tuning the pump field powers,
see Fig. 2.
Various spectral filtering stages efficiently separate the
single telecom photon from the strong pump field and the
noise induced by the pump field via anti-stokes Raman
scattering in the waveguide. For this purpose, we intro-
duce a combination of two shortpass filters (SPF) with
a cut-off at 1560 nm, a bandpass filter (BPF) at 1535
nm with a bandwith of 30 nm FWHM, a volume Bragg
grating (25 GHz FWHM), and a Fabry-Perot filter cavity
(FC) with a finesse of 700 and a bandwidth of 27 MHz
FWHM. The latter is locked to the pump laser at 1600
nm while having a further resonance at the telecom single
photon frequency. See Supplemental Material [38] Sec. I
for more details about the QFC.
The external device efficiency of the frequency con-
verter, defined from the input fiber of the converter until
the first waveplate of the polarization analyzer and in-
cluding a 50 m optical fiber, equals 57%. This is, to the
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FIG. 2. External device efficiency of the frequency
converter. The external device efficiency (η) of the two
polarization components depends on the pump power (P )
in the respective arm. The data are fitted with η(P ) =
ηmax sin
2(
√
ηnorPL) [37]. The power in each arm is set to
the operating point such that both conversion efficiencies are
equal and one efficiency is maximized, 175 mW and 189 mW
for the p- and s-polarization arm, respectively. At this point,
the external device efficiency equals 57%.
best of our knowledge, the highest external device effi-
ciency reported so far. The efficiency is limited by the
transmission through optical elements (82.6%), fiber cou-
pling (87.8%), waveguide coupling (90.0%), and spectral
filtering (90.7%), which reduce the high internal conver-
sion efficiency of 96.2%.
The polarization state of the telecom photons is ana-
lyzed after propagating through up to 20 km optical fiber
(SMF-28). Single photons are detected by two supercon-
ducting nanowire single-photon detectors (SNSPDs) with
efficiencies of 16% and 18% at 1522 nm. Detection events
are accepted within a hardwired interval of 50 ns, which
results in accepting approximately 2/3 of the converted
single photons. Polarization rotations in the complete
single photon beam path are analyzed and can be com-
pensated for by using classical reference light and a fiber
polarization controller [21].
Following a successful photon detection event, the
atomic spin state is analyzed using a state-selective ion-
ization scheme. The state selectivity is controlled by the
polarization of the readout pulse, see Supplemental Ma-
terial [38] Sec. II for more details.
Results.—We analyzed the entanglement between the
atom and photon at telecom wavelength after a 20 km
(A), 10 km (B), and 50 m (C) optical fiber. Further-
more, to investigate possible noise induced by the QFC, a
reference measurement was performed without frequency
conversion (D). For measurements C and D we applied
an atomic state detection delay of 50 µs to make the loss
in fidelity due to atomic state decoherence comparable to
measurement B. All results are summarized in Tab. I.
A photon detection time histogram and corresponding
atom-photon state correlations over 20 km optical fiber
are shown in Fig. 3a and b, respectively. In this mea-
surement, 11335 events were observed within 360 minutes
TABLE I. Observation of atom-photon entanglement
for different experimental configurations. The mea-
surement configurations A, B, C, and D differ in optical fiber
length, detection wavelength, and/or atomic state detection
delay. The fidelity is obtained via Eq. 2, whereby the visi-
bilities are fitted from the measured correlation probabilities.
The S parameter (CHSH) is calculated directly from the mea-
sured Bell states.
(A) (B) (C) (D)
fiber length 20 km 10 km 50 m 5 m
wavelength 1522 nm 1522 nm 1522 nm 780 nm
readout delay 102 µs 51 µs 51 µs 51 µs
fidelity (%) 78.5±0.9 84.3±0.9 88.0±0.8 89.7±0.7
S (CHSH) 2.12±0.05 2.37±0.04 2.41±0.03 2.49±0.03
SNR 25.1 23.2 32.3 934.2
with an overall efficiency of detecting a telecom photon
after an atomic excitation pulse of 0.173 × 10−3. When
optimizing the experiment for efficiency, e.g. by employ-
ing efficient single photon detectors (>85%) and replac-
ing the lossy MEMS switch (25% loss), we expect an
improvement of the overall efficiency by about one order
of magnitude. The event rate in all measurements is ∼35
per minute, mainly limited by the atom loading time of
about 1 s since the atom is lost during the state readout
process in approximately half of the cases.
The signal-to-noise ratio (SNR) of the photon detec-
tion is mainly limited by the QFC pump laser induced
noise and detector dark-counts, see Supplemental Mate-
rial [38] Sec. I for details. For measurement A these con-
tributions amounted to 128 and 18 cps summed over both
detectors, respectively. The SNR of 25.1 corresponds to
our expectation, taking into account the 50 ns photon
acceptance interval and the overall efficiency mentioned
above. Variations in the SNR between measurements A,
B, and C originate from different fiber lengths as well as
from slight laser power fluctuations in the atomic state
preparation and excitation cycles.
To analyze the entanglement, the photonic polariza-
tion state was measured in the H/V (horizontal/vertical)
and D/A (diagonal/anti-diagonal) basis, while varying
the atomic analysis angle (i.e. readout polarization).
The visibilities of the measured states are obtained by
fitting the data with sinusoidal curves. The average vis-
ibility (V¯ ) of the entangled state is estimated by assum-
ing that the visibility in the third (unmeasured) basis is
equal to the D/A basis. This results in estimated av-
erage visibilities of 74.2±1.0%, 81.2±1.1%, 85.6±0.9%,
and 87.4±0.6% for measurement A, B, C, and D, re-
spectively. Note that the visibility of the detected pho-
ton state |V 〉 (e.g. red curve in Fig. 3b) is significantly
higher than the other states since the resulting atomic
state is insensitive to the position-dependent dephasing
of the atomic state, which is the dominant decoherence
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FIG. 3. Observation of atom-photon entanglement over 20 km optical fiber (A). (a) Detection time histogram of
the frequency converted photons. Within a hardwired acceptance window of 50 ns, indicated with dashed lines, approximately
2/3 of the converted single photons were accepted. Note that the QFC does not influence the photon shape [25], see [20] for
an unconverted photon shape. (b) The corresponding atom-photon state correlations in two bases (H/V and D/A) for varying
atomic analysis angle (i.e. readout polarization, whereby 0◦ corresponds to vertical polarization). The sinusoidal fits give
estimated visibilities of 73.4±2.0%, 89.6±1.1%, 72.5±1.1%, and 68.6±4.1% for horizontal |H〉, vertical |V 〉, diagonal |D〉, and
anti-diagonal |A〉 photonic linear polarization states, respectively. This results in an estimated state fidelity of >78.5±0.9%.
effect for all other states.
To compute a fidelity based on the measured visibilities
one needs to consider that the atom is a spin-1 system.
Hence, also a third atomic spin state can be populated
(52S1/2 |F = 1,mF = 0〉). Imperfections in the experi-
ment, such as small magnetic fields (∼mG) in direction
not coinciding with the quantization axis, can lead to a
population in this state. Accordingly, assuming isotropic
dephasing towards white noise in the 2x3 state space, a
lower bound on the fidelity of the entangled state is given
by
F > 1
6
+
5
6
V¯ , (2)
which results in fidelities of >78.5±0.9%, 84.3±0.9%,
88.0±0.8%, and 89.7±0.7% relative to a maximally en-
tangled state for measurement A, B, C, and D, respec-
tively. For measurement A, contributions to the loss
in fidelity are the imperfect atomic state readout (3%),
atomic state decoherence (11%), SNR in the photon de-
tection (4%), and experimental drifts (3%).
The influence of the QFC on the state fidelity is best
analyzed by comparing measurement C (88.0±0.8%) and
D (89.5±0.5%), since the experimental configurations are
most similar. For these measurements, the difference in
fidelity can be solely explained by their difference in SNR
(3%).
When comparing measurement B (84.3±0.9%) and C
(88.0±0.8%), the difference in fidelity is more than what
can be expected from the lower SNR alone (1%). We at-
tribute the additional fidelity loss (3%) in measurement
B to instabilities in the experiment, such as fiber polar-
ization, magnetic field, and laser power drifts. The differ-
ence in fidelity between measurement A (78.5±0.9%) and
B (84.3±0.9%) originates primarily from atomic state de-
coherence (5%).
All four measurements also include two setting combi-
nations for a CHSH Bell test [39]. The CHSH inequal-
ity requires two measurement settings for the photonic
state (H/V & D/A) and two measurement settings for
the atomic state (22.5◦ or 157.5◦ & 67.5◦ or 112.5◦). The
resulting S parameters, all clearly violating the CHSH-
Bell inequality, are listed in Tab. I.
Outlook.—The next milestone towards large scale
quantum networks is to distribute heralded entangle-
ment at telecom wavelength between two distant atomic
memories via the entanglement swapping protocol [20].
For this purpose, it is necessary to introduce frequency
conversion for a second atom trap and install a set of
SNSPDs optimized for 1522 nm.
The expected atom-atom entanglement fidelity for
varying distance is estimated by Fa−a > 1/9 + 8/9V¯ ,
where the average atom-atom visibility V¯ is estimated
by squaring the corresponding atom-photon visibility and
taking into account a 94% two-photon interference con-
trast [20]. Furthermore, we assume that the measure-
ment needed for the entanglement swapping is performed
at a middle station such that the atomic coherence time
needed to distribute atom-photon and atom-atom entan-
glement over the same distance evens up.
Fig. 4 shows the expected entanglement fidelities for a
range of distances between the quantum memories. Be-
low 1 km the performance is limited by imperfections in
the atomic state preparation and analysis. For longer dis-
tances, the atomic state decoherence due to the position-
dependent dephasing will significantly reduce the fidelity
[36]. A new trap geometry, involving a standing wave
dipole trap, promises to strongly reduce this decoherence
effect. The expected fidelities for this future setup are
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FIG. 4. Expected atom-photon and atom-atom entan-
glement fidelities. Points marked as A, B, and C corre-
spond to the measurements presented in the text and summa-
rized in Tab. I. The expected fidelity for short distances (<1
km) is mainly limited by the imperfect atomic state prepa-
ration and readout. For distances <100 km, the fidelity is
also reduced by atomic state decoherence due to position-
dependent dephasing, which could be strongly suppressed in
a future setup. For distances >100 km, detector dark-counts
will eventually limit the fidelity.
for large distances eventually limited by detector dark-
counts.
Using the current trap geometry, we expect an atom-
atom entanglement fidelity of 65% over 20 km with an
event rate of 1 per minute. By improving the trap geom-
etry, we expect this fidelity to increase to 81%. Together
with entanglement distillation [11], this allows for effi-
cient distribution of quantum states over long distances.
Conclusion.—Thanks to the record high external
device efficiency of 57% for the polarization-preserving
QFC and improved collection optics for the atomic
fluorescence, atom-photon entanglement was distributed
and observed at high rate with a fidelity of at least
78.5±0.9% over 20 km optical fiber. Implementing
realistic improvements and extrapolating to even longer
distances shows that entanglement distribution between
atomic memories is feasible with a fidelity of more than
80% over up to 100 km, thereby forming a valuable
component for future quantum repeater based quantum
networks.
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I. QFC SYSTEM FOR A RUBIDIUM-ATOM BASED QUANTUM NETWORK LINK
The quantum frequency conversion (QFC) device utilized in the experiment described in the main text is part of a
complete QFC system designed as telecom interface for extending the Munich elementary quantum network link [1].
The conversion relies on the well-established χ(2)-nonlinear process of difference frequency generation (DFG) in which
single photons at 780 nm are combined with a cw-laser around 1600 nm to achieve down-conversion to the telecom
S-band at 1522 nm.
A. Design criteria
The particular wavelength combination has been selected to fulfill a series of criteria:
The target wavelength should be within the low-loss telecom bands between 1260 nm and 1625 nm; preferably
as close as possible to the telecom C-band around 1550 nm where attenuation in optical fibers is minimal.
The mixing laser wavelength for the DFG-process should be the longest wavelength to avoid noise generated by
Stokes Raman scattering or non-phasematched spontaneous parametric down-conversion around the target
wavelength (”long-wavelength pumping”). Moreover, the frequency difference between mixing and target
wavelength should be maximized to reduce the anti-Stokes Raman noise.
The frequency-converted photons should be indistinguishable with respect to their central wavelength as
well as their spectral and temporal shape to allow for high-contrast quantum interference, a prerequisite to
establish entanglement between remote quantum nodes via the entanglement swapping protocol. Preserving
spectral and temporal properties of the input photons requires a single-frequency mixing laser with a linewidth
substantially smaller than the photon bandwidth (6.1 MHz). To obtain identical central wavelengths for
various QFC systems, two options are apparent: using a single mixing laser which is distributed to the
frequency converters located at each node or using separate mixing lasers for each converter whose frequencies
are absolutely stabilized with a precision much smaller than the photon bandwidth.
The mixing laser has to be spatially single-mode with an output power around 2 W in order to achieve internal
conversion efficiencies close to 100%.
The mixing laser system has to be stable (with respect to e.g. its output power or its spectral properties),
reliable, and fail-safe to enable 24/7-operation. This is considered necessary especially as complexity (and
potentially also the measurement periods) increases along with an increasing number of nodes, hence require-
ments on the reliability of all components also increase.
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2Mixing lasers with wavelengths ranging from 1565 nm to 2050 nm can be used to convert an input wavelength
of 780 nm to the telecom bands when restricted to the long-wavelength pumping regime. Furthermore, to allow for
requirements on spectral properties, output power and long-term stability, a MOPA (master oscillator power amplifier)
configuration comprised of a narrow-band, tunable master laser (e.g. single-frequency diode or fiber lasers) and a
fiber amplifier is a fitting candidate for the mixing laser system. This cuts the wavelength range into two windows;
one from 1565 nm to 1605 nm covered by Erbium-doped fiber amplifiers (EDFA) [2, 3] and one from 1900 nm to
2050 nm where Thulium-doped fiber lasers/amplifiers (TDFA) are available [4]. While the option with Thulium-based
lasers offers superior noise properties in the QFC, Erbium-based systems are far more developed and allow target
wavelengths in or close to the C-band. Thus we chose 1600 nm as mixing wavelength, which is a tradeoff between the
frequency separation between mixing and target wavelength (1522 nm) and the width of the Erbium gain spectrum.
Additionally, 1600 nm can be transmitted with low losses through optical fibers, i.e. even if the nodes are separated
by several kilometers, a single master laser in combination with EDFAs is enough to supply all QFC devices. Hence
spectral indistinguishability of the frequency-converted photons is guaranteed.
The QFC system is designed for comparatively easy relocation as well as easy integration into existing quantum
optics experiments. To this end, it consists of a series of mobile standalone platforms, each featuring a top layer with
the optical setups placed on honeycomb breadboards, and a housing underneath with at least one layer containing
control electronics. To reduce mechanical vibrations, all platforms are damped with sorbothane isolators.
The system consists in total of four platforms, in particular, a master laser system to provide frequency-stabilized
light for the DFG-process, two polarization-preserving QFC devices to equip both nodes in the network link with a
telecom interface, and a platform to perform a Bell state measurement (BSM) at telecom wavelengths.
The experiment in the main text necessitated only the master laser system, one QFC device, and a polarization
analyzer, which is realized by one branch of the BSM setup. Those platforms are presented in the following sections
in more detail.
B. Master laser system
The operation of the QFC system requires two lasers; one at the input wavelength (780 nm) and one at the mixing
laser wavelength (1600 nm). As described in the main text, narrow-band spectral filtering of the frequency-converted
photons down to 27 MHz is applied to reduce noise at the single photon level; i.e. both lasers must be frequency-
stabilized to an absolute long-term stability in the order of 1 MHz. Hence, the master laser platform contains - in
addition to the lasers - components for the frequency stabilization, control and stabilization electronics and optical
components to distribute the lasers to the other platforms. The setup is shown in Fig. S1.
Both lasers are tunable, single-frequency diode lasers (DL pro, Toptica Photonics). The 780 nm-laser is utilized
to provide an absolute frequency reference to stabilize the 1600 nm-laser and for alignment of the QFC devices. Its
frequency is stabilized to the Rb-87 hyperfine transition 52S1/2, F = 1 ↔ 52P3/2, F ′ = 0 (same transition as the
emitted photons in the experiment) by doppler-free saturation spectroscopy of a gas cell (Cosy, TEM Messtechnik).
The 1600 nm-laser serves mainly as mixing laser in the DFG process. Due to the absence of narrow spectroscopy tran-
sitions (< 1 MHz), it is frequency stabilized at 1600.1421 nm (corresponding to a difference frequency of 1522.7295 nm)
via a transfer cavity lock to the 780 nm laser. To this end, we adapted the transfer cavity design from [5], wherby
the confocal cavity has a free spectral range of 500 MHz and a finesse of about 300. The cavity length is locked to
the 780 nm-laser by the Pound-Drever-Hall (PDH) technique using home-built electronics [5]. Next, the mixing laser
frequency is locked to the cavity—as well with a PDH lock—whereby the diode current is modulated to get sidebands
at 12.5 MHz. Since the sidebands are unwanted in the DFG-process and the diode laser occasionally gets slightly
multimode, the transfer cavity is additionally utilized as narrow-band filter before the pump light is distributed to
the QFC devices.
The rather small free spectral range (500 MHz) of the transfer cavity necessitates an additional absolute reference
at 1600 nm. To this end, we utilize a wavelength meter (WS6-200, High Finesse), which is calibrated with the
780 nm-laser about 2-3 times per week to remove long-term drifts of the absolute accuracy due to environmental
effects.
In addition we use the 1600 nm-laser also for an active stabilization of the narrow-band filter cavities, which are
designed to be doubly-resonant for the mixing laser and the converted light. Further details on this will be explained
in Sec. I D.
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FIG. S1. Setup of the master laser system. Details on the setup can be found in the text. The following abbreviations
are used: beam-splitter (BS), bandpass filter (BPF), and electro-optic modulator (EOM).
C. Polarization-preserving QFC device
The system’s key element is a polarization-preserving QFC device; the experimental setup is shown in Fig. S2.
The conversion takes place in a temperature-stabilized periodically-poled lithium niobate (PPLN) ridge waveguide
(NTT Electronics) with 40 mm length, lateral dimensions of around 9-10µm, and a poling period of Λ = 18.25µm.
To overcome the intrinsic polarization dependence of the DFG-process, several strategies were investigated and im-
plemented over the last years [3, 6–10]. Here we rely on a Sagnac-type configuration, which features - in contrast
to Mach-Zehnder-type configurations - an intrinsic phase stability. Compared to our previous QFC device [9] this
removes a lot of technical overhead related to the path length stabilization.
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FIG. S2. Setup of the QFC devices. Details on the setup can be found in the text. The following abbreviations are used:
polarizer (Pol), Erbium-doped fiber amplifier (EDFA), band-pass filter (BPF), half wave plate (HWP), dichroic mirror (DM),
polarizing beam splitter (PBS), periodically poled lithium niobate (PPLN).
The input light at 780 nm is coupled out of a single-mode fiber with an aspheric lens (f = 11 mm) and overlapped
4with the pump laser at 1600 nm on a dichroic mirror (DM). The latter is generated by an EDFA, which amplifies the
weak mixing laser guided via a single-mode fiber from the master laser system to the QFC device. A fiber polarizer
ensures that only correctly linear-polarized light is seeded into the EDFA. The amplified light (power around 1.2 W) is
coupled out of a polarization-maintaining fiber with an aspheric lens (f = 11 mm) and spectrally filtered by a stack of
three bandpass filters (center wavelength: 1600 nm, FWHM: 50 nm, Edmund optics) to remove amplified spontaneous
emission (ASE) noise at the target wavelength. Next, a polarizing beam splitter (PBS) cleans up the output light’s
polarization, a subsequent half-wave plate (HWP) and a PBS control the overall power and another HWP sets the
relative power in the interferometer arms.
The Sagnac interferometer is formed by a PBS, a half wave plate (HWP), two silver mirrors, and the PPLN
waveguide chip. PBS and HWP (both from B. Halle Nachfl.) are achromatic, i.e. they work for all three wavelengths
to ensure that all fields are s-polarized in the waveguide. Efficient coupling of the input and mixing light to the
waveguide’s fundamental mode of the waveguide is realized by two aspheric lenses (f = 11 mm) with custom-made
anti-reflection (AR) coatings for all three wavelengths. We achieve efficiencies of 90% for the input light and 87% for
the pump laser. An internal conversion efficiency of 96.2% from 780 nm to 1522 nm is achieved, mainly limited by the
spatial mode overlap between pump and input light inside the waveguide. The converted light is separated by another
DM from the pump laser and subsequently coupled with an efficiency of about 91% to a single-mode telecom fiber,
which has an AR-coated end facet. A band-pass filter (center wavelength: 1535 nm, FWHM: 30 nm, Omega optical)
removes a major part of the pump laser as well as broadband anti-Stokes Raman noise outside the pass-band. Note
that the remaining parts of the filtering system are located at the polarization analysis platform for technical reasons,
see Sec. I D.
On this platform we achieve an external efficiency of 62.8% (Note that the difference to 57% is determined by the
remaining spectral filters). As already mentioned in the main text, it is limited by coupling of the input light to
the waveguide (90%), internal efficiency (96.2%), and single-mode fiber in- and out-coupling (87.8%). Another factor
which should not be underestimated, are passive losses in all optical components of 82.6%. Although all components
were optimized for the given wavelength combination, i.e. each component has at least 97% transmission, the loss
sums up to this non-negligible contribution. In particular, losses occur in the aspheric lenses for waveguide and
fiber coupling, achromatic PBS/waveplate, silver mirrors in the Sagnac interferometer, band-pass filter, and dichroic
mirrors.
All numbers are given for the s-polarized component; the single efficiencies of the p-polarized component may vary in
the lower percent regime due to slight asymmetries in the interferometer. These asymmetries are most probably caused
by slightly different cut of the end facets of the waveguide as well as chromatic dispersion in all optical components
leading to a spatial displacement of the three wavelengths. The asymmetry is clearly visible in the power-dependent
conversion efficiency of the two arms, which should show a perfect overlap, ideally (see Fig. 2 in the main text).
Nevertheless, by careful alignment and an appropriate setting of the pump power in both arms, we achieve equal
efficiencies for both polarization components.
D. Spectral filtering and polarization analysis
The final platform contains the polarization analyzer as well as the remaining spectral filters. For future experiments,
it can be easily modified to perform a photonic BSM with a similar scheme as in [1]. The setup of the polarization
analyzer is shown in Fig. S3.
The spectral filters were moved to this platform mainly for two reasons. On the one hand mode-matching to the
filter cavity is simplified due to a clean spatial mode coming out of the single-mode fiber between the QFC device
and the polarization analyzer. On the other hand, a second identical filter cavity required for the BSM is located
also on this platform. Since both cavities are in one place, technical overhead for their stabilization is reduced. The
complete filter system consists of several broadband interference filters, in detail, one band-pass filter (located on the
QFC platform) and two short-pass filters (1560 nm cut-off), intended to remove remains of the mixing laser, Raman
noise in the fibers induced by the mixing laser, and noise from unwished non-phasematched nonlinear processes (e.g.
second-harmonic light of the mixing laser, etc...). A narrow-band filter formed by a volume Bragg grating (VBG)
with a FWHM of 25 GHz and a filter cavity (FC) aims to remove broadband ASR noise in the proximity of the target
wavelength. The filter cavity is designed to have a free-spectral range of 19 GHz, which matches the distance between
the maximum and the first minimum of the VBG’s reflection spectrum. This ensures a suitable suppression of light
transmitted through neighboring longitudinal modes of the cavity. A cavity finesse of 700 results in a FWHM of
27 MHz. This value reflects the tradeoff between low noise, which favors a small bandwidth due to a roughly linear
scaling of the noise with the filter bandwidth, and high transmission of the emitted photons whose natural linewidth
is 6.1 MHz. The cavity design is similar to the transfer cavity in Sec. I B. Optimal mode-matching to the cavity’s
fundamental mode is achieved by an aspheric lens with f = 11 mm to couple of of the fiber and a spherical lens with
5f = 250 mm to focus into the cavity; this results in a transmission of 96.5% at 1522 nm at resonance.
As already mentioned in Sec. I B, the cavity is actively stabilized using light at 1600 nm. To this end, we take
advantage of the sidebands already modulated onto the mixing laser to implement a lock-in stabilization scheme.
Thus, the sideband’s frequency (12.5 MHz) is a good tradeoff, being (I) much larger than the transfer cavity linewidth
(1.7 MHz) resulting in a suitable PDH signal and (II) smaller than the FC bandwidth (27 MHz) to get a feasible
lock-in signal. At the master laser platform (Fig. S1) light for the FC stabilization first passes a bandpass filter
(center wavelength: 1600 nm, FWHM: 50 nm) to remove ASE noise at 1522 nm, which is transmitted through the FC
causing additional dark counts. Next, it is coupled to a fiber-based electro-optical modulator (MPZ-LN-10, 10 GHz
bandwidth, iXblue). The EOM is required as the frequencies of the mixing laser and converted light are coupled by
the DFG-process, i.e. a double-resonance cannot be reached by tuning the mixing laser in total (with the exception of
a fairly small number of cavity lengths). To solve this, the EOM is powered by a home-built driver, which is tunable
from 150 MHz to 350 MHz. Now, the cavity is not stabilized to the carrier, but to one of the first- or second-order
sidebands. In this situation we need to find a cavity length featuring resonances separated by a frequency within the
driver’s tuning range; this provides enough flexibility to find a suitable cavity length within a few FSR. In the setup
the stabilization laser is coupled also to the FC’s fundamental mode. The transmitted laser light is separated by the
VBG from the converted light and detected with an InGaAs photodiode. Demodulation of the photodiode signal with
the RF-signal, which is modulated onto the diode current, yields a dispersive error signal for a PID lock.
The transmission of the complete filter system is measured to be 90.7% determined by transmission of the filter
cavity (96.5%), spherical lenses (98.8%), short-pass filters (99.4%) and the VBG’s diffraction efficiency (97.4%).
Behind the filter system, a flip mirror allows to guide classical light to a home-built polarimeter for an automatized
compensation of polarization rotations in all single-mode fibers in the setup. The design of the polarimeter is adapted
from [1]. For the experiment presented in the main text an automated polarization control was not required since the
long fiber was located on a spool in an air conditioned lab.
The light passes subsequently a combination of quarter/half wave plate and a wollaston prism to perform projective
measurements of the photon’s polarization state in different bases. The wave plates are motorized and controlled via
an Ethernet link enabling convenient remote control of the latter. Finally, the photons are coupled to single-mode
fibers and guided to the SNSPDs. The projection setup has an overall transmission of 92.2% given by the transmission
through the wave plates and prism (97.8%) and the fiber coupling (94.3%).
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FIG. S3. Setup of the spectral filtering stage and polarization analyzer. Details on the setup can be found in the
text. The following abbreviations are used: volume Bragg grating (VBG), short-pass filter (SPF), filter cavity (FC), flip mirror
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E. Noise properties
An important figure of merit for QFC devices is the amount of pump-induced noise, which limits—in addition
to detector dark-counts—the accessible signal-to-noise ratio (SNR). In our device, the dominant contribution to the
pump-induced noise can be attributed to anti-Stokes Raman (ASR) noise due to the comparatively small frequency
difference between mixing laser and converted light of 9.5 THz (ASR noise occurs in lithium niobate at least until
700 cm−1 corresponding to roughly 21 THz [11]).
The total amount of noise counts generated by the QFC device and detectors in dependence on the total pump
power (i.e. the sum of both interferometer arms) is shown in Fig. S4 (green data points). To this end, we measured
the counts on both SNSPDs for varying pump power without 780 nm input light. The detectors were operated at
different bias currents than in the experiment resulting in efficiencies of 32% and 36%, and dark count rates of 70cps
6and 53cps, respectively. Following the literature [11], we would expect a linear dependence on the pump power for
ASR noise. However, noise around the target wavelength can be up-converted back to 780 nm subsequently after it
is generated in the waveguide. Since the spectral-filter bandwidth is small compared to the acceptance bandwidth of
the DFG-process (about 70 GHz), phase-matching is achieved for the entire ASR noise, which results in a reduction of
roughly a factor of 2 at the pump power where the internal conversion efficiency has its maximum [12]. To substantiate
this, we start with the pump-power dependent total internal efficiency (blue data points in Fig. S4), which we fit as
ηint(P ) = ηint,max · sin2
(
L
√
ηnorP
)
, (S1)
where L equals the waveguide length, ηint,max equals 96.5%, and ηnor equals 1.97
1
W ·m2 . The detected noise count rate
can be modeled as [12]:
Nnoise(P ) = Ndc +
∫ L
0
αASRP
(
1− ηint,max · sin2
(
(L− x)
√
ηnorP
))
dx, (S2)
taking into account a constant contribution Ndc stemming from detector dark counts, a linear contribution αASRPL
due to ASR noise and a nonlinear contribution due to the up-conversion of ASR noise. As shown in Fig. S4 a fit to
the data (solid green line) taking Ndc, ηint,max and ηnor as fixed parameters and the linear coefficient αASR as sole
free parameter yields a good agreement. For comparison, the dashed green line indicates the constant and linear
contribution only, i.e. disregarding the up-conversion to 780 nm.
From the detected noise and device efficiency, we can model the theoretically expected behaviour of the signal-to-
background ratio (red solid line) as
SNR =
β · ηdev(P )
Nnoise(P )
, (S3)
where β is a scaling factor. This factor is adjusted to match the measured SNR of 32.3 (see main text) at the operating
point (yellow line). As shown in Fig. S4, a slight improvement in SNR could have been achieved by reducing the
pump power. However, for simplicity reasons, the converter was operated through the course of this work at maximum
efficiency.
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II. ATOMIC STATE READOUT
Following a successful photon detection event, the atomic spin state is analyzed using a state-selective ionization
scheme [13], as illustrated in Fig. S5. The scheme starts by transferring a selected atomic qubit state superposition
from the ground state 52S1/2 |F = 1〉 to the excited state 52P1/2 |F ′ = 1〉 with light at 795 nm (so called ”readout”).
Simultaneously, the excited state is ionized using ionization light at 473 nm. If the atom decays to the state 52S1/2
|F = 2〉 before ionization, as indicated with gray arrows, a 780 nm cycling pulse will transfer it to the state 52P3/2
|F ′ = 3〉, which is ionized as well. The state readout is completed by fast (< 1µs) [14] and direct detection of
the ionization fragments with channel-electron multipliers (CEM) or by fluorescence collection on a closed atomic
transition to check whether the atom is still present in the trap (ionized atoms are lost).
The measurement basis is controlled by the polarization of the readout pulse, which is defined as
χ = cos(α) · V + e−iφ sin(α) ·H, (S4)
where V and H denote vertical and horizontal linear light polarizations. Accordingly, two orthogonal atomic qubit
state superpositions can be derived of which one is transferred to the excited state by the readout pulse (bright-state)
and the other is not (dark-state), given as
|Ψ〉Bright−State = cos(α)−1√
2
(| ↓〉z − | ↑〉z) + sin(α)eiφ i√
2
(| ↓〉z + | ↑〉z)
|Ψ〉Dark−State = sin(α) 1√
2
(| ↓〉z − | ↑〉z) + cos(α)eiφ i√
2
(| ↓〉z + | ↑〉z),
(S5)
where | ↓〉z denotes 52S1/2 |F = 1,mF = −1〉 and | ↑〉z denotes 52S1/2 |F = 1,mF = +1〉. Note that all states except
the dark state are excited and hence ionized, e.g. population in 52S1/2 |F = 1,mF = 0〉 is always ionized. This makes
the readout scheme a projection measurement onto the dark-state.
An intuitive example of the state selectivity is the case of a σ+-polarized readout pulse. In the z-basis, as shown in
Fig. S5, this pulse will excite an atom in the state | ↓〉z to the state 52P1/2 |F ′ = 1,mF ′ = 0〉, however, an atom in
the state | ↑〉z will not be excited because of the absence of the state 52P1/2 |F ′ = 1,mF ′ = 2〉.
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